A double-hole-mediated coupling of dopants is unraveled and confirmed in TiO 2 by density-functional theory calculations. We find that when a dopant complex on neighboring oxygen sites in TiO 2 has net two holes, the holes will strongly couple to each other through significant lattice relaxation. The coupling results in the formation of fully filled impurity bands lying above the valence band of TiO 2 , leading to a much more effective band gap reduction than that induced by monodoping or conventional donor-acceptor codoping. Our results suggest a new path for semiconductor band gap engineering. DOI: 10.1103/PhysRevLett.106.066801 PACS numbers: 73.50.Pz, 61.72.Bb, 71.20.Nr, 84.60.Àh Converting sunlight to usable electricity or fuel using semiconductors is the most viable way for producing renewable energy. For efficient conversion of sunlight to energy, the semiconductors used must have optimal band gaps. Therefore, band gap engineering has been an important issue for optimizing the performance of semiconductors. For example, anatase TiO 2 is a promising material both for hydrogen production through solar water splitting and for environmental cleanup [1] [2] [3] . However, its large band gap ( $ 3:2 eV) only allows it to absorb a small portion of the sunlight, namely, ultraviolet (UV) light. Thus, great efforts have been made to reduce the band gap of TiO 2 so that the solar-to-hydrogen conversion efficiency can be enhanced. A common method for band gap reduction is to incorporate foreign elements, which have a p orbital energy higher than that of the oxygen 2p orbital to shift the valence-band maximum (VBM) upwards [4] [5] [6] . Both monodoping on oxygen sites [4-6] and donoracceptor codoping on Ti and O sites [7] [8] [9] [10] have been considered for band gap reduction. It is generally believed that two acceptors would repel each other; therefore, acceptor-acceptor codoping is usually not considered a viable way to reduce band gap because it is expected to be energetically unfavorable [7] [8] [9] [10] [11] [12] . Interestingly, however, some recent experimental studies have shown puzzling results that go against conventional wisdom. For example, doping of N in TiO 2 exhibited much better band gap reduction and enhanced optical absorption than monodoping of C or S in TiO 2 , even though C or S have higher p orbital energies than N [10, [13] [14] [15] . Furthermore, unconventional codopings, (N, S) or (C, S=Se), in TiO 2 have also shown better band gap reduction and optical absorption than monodoping in the visible-light region [16] [17] [18] [19] [20] . This indicates that some favorable dopant-dopant interactions occurred in these codoped systems; however, unlike the conventional donor-acceptor codoping case [7] [8] [9] [10] , no Coulomb attraction between the dopants is expected in these systems because N and C occupying O sites are negatively charged acceptors and S and Se are isovalent with O. So far, no satisfactory theory has been developed to explain these puzzling results.
Converting sunlight to usable electricity or fuel using semiconductors is the most viable way for producing renewable energy. For efficient conversion of sunlight to energy, the semiconductors used must have optimal band gaps. Therefore, band gap engineering has been an important issue for optimizing the performance of semiconductors. For example, anatase TiO 2 is a promising material both for hydrogen production through solar water splitting and for environmental cleanup [1] [2] [3] . However, its large band gap ( $ 3:2 eV) only allows it to absorb a small portion of the sunlight, namely, ultraviolet (UV) light. Thus, great efforts have been made to reduce the band gap of TiO 2 so that the solar-to-hydrogen conversion efficiency can be enhanced. A common method for band gap reduction is to incorporate foreign elements, which have a p orbital energy higher than that of the oxygen 2p orbital to shift the valence-band maximum (VBM) upwards [4] [5] [6] . Both monodoping on oxygen sites [4] [5] [6] and donoracceptor codoping on Ti and O sites [7] [8] [9] [10] have been considered for band gap reduction. It is generally believed that two acceptors would repel each other; therefore, acceptor-acceptor codoping is usually not considered a viable way to reduce band gap because it is expected to be energetically unfavorable [7] [8] [9] [10] [11] [12] . Interestingly, however, some recent experimental studies have shown puzzling results that go against conventional wisdom. For example, doping of N in TiO 2 exhibited much better band gap reduction and enhanced optical absorption than monodoping of C or S in TiO 2 , even though C or S have higher p orbital energies than N [10, [13] [14] [15] . Furthermore, unconventional codopings, (N, S) or (C, S=Se), in TiO 2 have also shown better band gap reduction and optical absorption than monodoping in the visible-light region [16] [17] [18] [19] [20] . This indicates that some favorable dopant-dopant interactions occurred in these codoped systems; however, unlike the conventional donor-acceptor codoping case [7] [8] [9] [10] , no Coulomb attraction between the dopants is expected in these systems because N and C occupying O sites are negatively charged acceptors and S and Se are isovalent with O. So far, no satisfactory theory has been developed to explain these puzzling results.
In this work, we report an unusual hole-mediated coupling between dopants in TiO 2 . We find that when dopant complexes on neighboring oxygen sites have net two holes, they exhibit strong interactions through significant lattice relaxation. The coupling results in the formation of fully filled bands lying above the VBM of TiO 2 , leading to reduced band gap, which is much more effective than that induced by monodoping [4] [5] [6] or conventional donor-acceptor codoping [7] [8] [9] [10] . The (N; N) homo-doping and (C; S) codoping cases are chosen as examples for explaining the proposed mechanism, and the conclusions are then extended to the general double-hole cases such as (2N; S) [18] [19] [20] and (Ga; N). Because this double-holemediated coupling between the dopants does not produce partially filled states, it is extremely beneficial for suppressing the formation of charged defects, which is detrimental for the photoelectrochemical (PEC) performance of TiO 2 .
The first-principles calculations were performed using density-functional theory (DFT) as implemented in the VASP code [21] using the standard frozen-core projector augmented-wave (PAW) method [22] . For exchangecorrelation functional, we used the generalized gradient approximation (GGA) of Perdew et al. [23] . The cutoff energy for basis functions is 400 eV. For doping cases, a 2 Â 2 Â 1 48-atom supercell is used, where dopants or dopant complexes substituting on the O site are placed at the center of the supercell. A larger 3 Â 3 Â 1 supercell with 108 atoms has also been used to test the calculated results, and we found that our conclusion is not affected by the supercell size. The k-point sampling is 5 Â 5 Â 5 for Brillouin zone integration of the supercell [24] . Structural relaxations were performed until all the residual forces on atoms were less than 5 meV= A. Our calculated lattice parameters for the conventional cell of anatase TiO 2 are a ¼ 3:80 A, c ¼ 9:65 A, and u ¼ 0:207, which are in excellent agreement with experimental values [25] .
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We first discuss the general mechanism of the doublehole-mediated dopant-dopant coupling. Figure 1 shows schematically the coupling mechanism for two dopants with net two holes in TiO 2 : Fig. 1(a) is for N-N coupling and Fig. 1(b) is for C-S coupling. For N-N coupling, the two holes are provided by two substitutional N atoms at O sites. As an individual dopant, N O generates defect levels above the VBM of TiO 2 because the N 2p orbital energy is higher than the O 2p orbital energy. Because of the low symmetry at the O sites in TiO 2 , the defect levels split into a 1 and e states, as shown in the left and right panels of Fig. 1(a) . The a 1 state derived from individual N O is half occupied and therefore produces one hole. When two neighboring N O atoms move toward each other, their p orbitals begin to form bonding and antibonding states. Therefore, two electrons from half-occupied a 1 states will occupy the bonding state a b lying in the valence band (VB) of TiO 2 , and the unoccupied antibonding a a state is inside the conduction band (CB) of TiO 2 . Such coupling between half-occupied states leads to significant energy gain. The coupling between the two fully occupied e states will lead to the upshifted fully filled e a state and downshifted fully occupied e b state. This coupling between two occupied states does not cause much energy gain in first-order perturbation. This is because in this coupling, the position of the e a state becomes much higher in energy than the occupied e state's impurity level introduced by an individual N atom. After the coupling, the new band gap, labeled as E 0 g , is determined by the positions of the e a state and the conduction-band minimum (CBM) of TiO 2 . Thus, the N-N coupling-induced band gap reduction is much larger than that induced by individual N atoms. The coupling process between C and S atoms in TiO 2 [ Fig. 1(b) ] is similar to that of N-N coupling. However, in this case, the two holes are contributed by the C atom and the C-S bond is partially ionic.
Our analysis above indicates that the presence of net two holes per dopant complex is essential for the coupling to occur, similar to that observed for the formation of AX centers in tetrahedral semiconductors [26] , because in this case the coupling gains energy and a band gap exists. However, the large movement of the dopants from their substitutional positions would expend strain energies. The competition of these two processes determines whether or not the coupling will actually occur. To ensure the coupling, the distance between the two O sites must be small and there should be enough empty room for the movement of the dopants so that energy expended for moving dopants is smaller than the energy gain caused by the electronic coupling. We find that the anatase TiO 2 structure, in which each Ti has six O coordinates, provides such an unusual opportunity. As shown in Fig. 2(a) , the distance between two near O atoms, O1 and O2, is only 2.83 Å in TiO 2 . To confirm this idea, we have also studied similar dopant-dopant coupling in ZnO, in which each Zn has only four O coordinates and the distance between two nearest-neighboring O sites is large, at 3.23 Å . As expected, we find that the dopant-dopant coupling in ZnO is very weak. Note that if the 2 N atoms occupy O1 and O3 sites in TiO 2 [ Fig. 2(a) ], the calculated coupling strength is not as strong as that of the 2 N atoms occupying O1 and O2 sites, even though the O1-O3 distance (2.48 Å ) is shorter than the O1-O2 distance (2.83 Å ). This is because forming a N-N bond in the (O1, O3) configuration expends much more strain energy than the (O1, O2) configuration.
We now show a more detailed analysis of the above dopant-dopant couplings in TiO 2 obtained by DFT calculations. Figure 2 
FIG. 2 (color online)
. Local atomic structures of (a) pure TiO 2 and (b) (N; N) homodoped TiO 2 . In (a), the distance between O1 and O2 is 2.83 Å and between O1 and O3 is 2.48 Å . In (b), the N-N bond length is 1.33 Å .
plane and lower energy e states with its wave function lying in Ti 3 -O plane. Because of the low C 2 symmetry on the O site, the e states also split into two states with similar energy. These are seen clearly from the calculated band structures for substitutional N O , Fig. 3(a) . When two N atoms move away from their substitutional sites, the splitting between the a 1 and e states increases. When the N-N pair forms, the orbitals with the same symmetry couple with each other. The e-e coupling leads to an upshifted fully filled e a state, which is much higher in energy than the e state of the N monodoped case, as shown in Fig. 3(b) . Therefore, the band gap reduction induced by (N; N) homodoping is larger than that induced by N monodoping. The impact on band gap reduction from dopant-dopant coupling is also significant with (C, S) codoped TiO 2 . The substitutional C and S could form a strong C-S bond, as shown in Fig. 2(b) , with a bond length of 1.69 Å . However, unlike the case of (N, N) homodoping, the displacement is asymmetric: the S atom has a much larger movement than the C atom, 0.43 Å for C and 0.98 Å for S. After the strong C-S coupling, the fully filled e a state becomes much higher in energy than the e states of individual C or S doping [ Fig. 3(c) ]. Therefore, the (C; S) codoping results in a much larger band gap reduction than that of individual C or S doping.
As shown in Fig. 1 , the coupling-induced a a state is empty and is inside the CB and the e b and a b states are inside the VB. These states are, therefore, not easily distinguishable in the calculated band structures. However, they can be identified from the calculated atomic siteprojected partial density of states (p-DOS) (results not shown). We found that the valence band of (C, S) codoped TiO 2 has strongly mixed characters from both C and S, indicating strong coupling between C and S atoms. The a b state is located around À5:7 eV. In the case of N-N coupling, a distinguishable N state peak is seen just below the bottom of the top valence band of TiO 2 (around À6:6 eV), which corresponds to the a b state in our calculation. For both (C, S) and (N, N) doping, the a a states are observed at around 5.1 eV above the CBM of TiO 2 .
It is known that the GGA band-structure calculation typically underestimates the band gaps of semiconductors and defect transition energy levels, especially for deep states. To check the calculation error, we have performed band-structure and DOS calculations for the doped cases using the hybrid density-functional method (HSE) [27] with the total exchange potential containing 20% of the Hartree-Fock exchange potential. The calculated results by HSE showed very similar characteristics as the results calculated by GGA. It should be noted that both HSE and GGA calculated results should be used to explain the mechanism of the band gap reduction for (C; S) and (N; N) codoped TiO 2 , but not for accurate band gap prediction.
We have calculated the optical absorption coefficients for (N; N) and (C; S) doped TiO 2 and compared them with individual N, C, or S doped TiO 2 and bulk TiO 2 . The results are shown in Fig. 4 . To enable the calculation of the optical absorption spectrum of an individual N doping, the partially filled a 1 state was compensated by an electron; i.e., N O is negatively charged. It is clearly seen that individual C and S doping would lead to much better band gap reduction than individual N doping. However, considering dopant-dopant coupling, (C; S) and (N; N) exhibit much larger band gap reduction-the (N; N) coupling exhibits not only much better band gap reduction than individual C and S doping, but is even slightly better than the C-S 
FIG. 4 (color online)
. Calculated optical absorption spectrum of pure TiO 2 and TiO 2 with a (N; N) complex, (C; S) complex, C atom, S atom, and N atom. The calculated GGA band gap is about 1.9 eV and no band gap correction was applied to the calculated optical absorption spectra. The peak marked by the circle is due to the transition between the filled e states and fully unoccupied a 1 state. codoped case. The double-hole-mediated dopant-dopant coupling, therefore, explains well the puzzling experimental observations that N homo-doping in TiO 2 can significantly improve the PEC water-splitting efficiency [13, 14, 16, [18] [19] [20] .
In addition to (N; N) and (C; S) complexes, we find that other combinations such as (Ga; N) and (N; N; S) with two holes per impurity complex also exhibit such coupling. In the case of (Ga; N), Ga occupies the Ti site and provides one hole. The other hole is provided by N occupying the O site. In the case of (N; N; S) [18] [19] [20] , one of the N atoms tends to bond with the nearby S atom. To compare the coupling strength for the considered dopant complexes, we have calculated their binding energies as defined by
, where EðS A Þ and EðS B Þ are the total energy of a supercell with substitutional A and B, respectively, and EðA þ BÞ is the total energy of the same supercell with dopant complex (A þ B). E TiO2 is the total energy of the supercell of pure TiO 2 . The calculated binding energies are 3.32, 2.54, 3.72, and 1.21 eV for (C; S), (N; N), (N; N; S), and (Ga; N), respectively. It is intriguing to see here that the binding energies of these double-hole-mediated acceptor-acceptor or acceptor-isovalent pairs could also be positive and as large as those of charge-compensated donor-acceptor pairs [7, 10] . The codopings with S have the highest binding energy, indicating that (C; S) or (N; N; S) codoping may be easier to obtain experimentally than the other combinations [16, [18] [19] [20] .
In conclusion, an exceptionally strong two-holemediated dopant-dopant coupling in TiO 2 has been demonstrated by density-functional theory calculation. Our results are able to explain the recent puzzling results of N-doped and (C; S) codoped TiO 2 materials. This unusual hole-mediated dopant-dopant interaction mechanism offers a new path for band gap engineering of wide band gap semiconductors.
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